Introduction
Leucojum aestivum L. is an important medicinal bulbous plant belonging to the family Amaryllidaceae.
Amaryllidaceae-type alkaloids possess antitumor and antiviral properties, as well as anticholinesterase activity [1] . Galanthamine is the most important alkaloid used in the symptomatic treatment of Alzheimer's disease [2] . A second alkaloid, lycorine, showed anti-tumor activity in cancer cells and growth-inhibiting effects in higher plants, and has been also studied for its antimalarial and antiviral effects [3] .
Galanthamine is produced on a large scale from Bulgarian Leucojum aestivum [4] and also by chemical synthesis [5] [6] [7] . However, the synthesis is complicated and time consuming because galanthamine has three asymmetric carbons requiring stereochemically controlled synthesis. The increasing demands of the pharmaceutical market as a result of an ageing population led to the importance of the supply of this alkaloid [4] .
In vitro production of secondary plant metabolites could be an alternative source [8] . The low Amaryllidaceae alkaloid accumulation commonly observed in in vitro cultures of Leucojum aestivum [6, [9] [10] [11] [12] [13] was probably due to the fact that the level of the alkaloid biosynthesis is strongly influenced by cellular differentiation [10, [14] [15] [16] . In particular, enhanced synthesis of galanthamine accompanied development of somatic embryos [17] . Somatic embryogenesis may be influenced by many factors [18] , including ethylene production [12] and growth regulators like auxins. Embryogenic callus is usually formed in auxin-supplemented media, and the most commonly used auxin for this purpose is 2,4-D [19] . However, dicamba has been shown to have a positive effect on the efficiency of somatic embryogenesis in monocotyledonous plants such as wheat [20] , and picloram was shown to be the most effective in initiation of embryogenic callus of bulbous plants including Freesia, Lilium, Hyacinthus, and Tulip [21] [22] [23] [24] .
Darkening of callus due to the action of phenolic compounds is frequently observed in in vitro cultures. Phenolics can also bind or oxidize auxins, making them unavailable to callus [25] . Schoenwaelder and Wiencke [26] found that the amount of phenols as well as their synthesis site depended on the age of the culture and growth conditions.
The present study was performed in order to multiply calli and induce high quantities of somatic embryos of Leucojum aestivum. Somatic embryogenesis can greatly improve the multiplication rate of in vitro bulbous plants. In the future, plants could be regenerated from somatic embryos and propagated in bioreactors, as previously shown for shoot cultures [14, 15] . Therefore, the capacity of Leucojum aestivum embryogenic callus and the impact of both phenolic compounds and Amaryllidaceae alkaloids on the biosynthetic pathway were estimated for the first time under the influence of various auxins (2,4-D, picloram, and dicamba).
Experimental Procedures

Plant material
Leaves were isolated from Leucojum aestivum L. 60 bulbs chilled for 12 weeks at 5ºC were surface-sterilized as previously described by Ptak et al. [11] . In vivo bulbs were used for both in vitro culture establishment and chemical analysis.
Callus induction
Embryogenic calli were obtained by the method previously described by Ptak et al. [27] . Initial explants were cultivated on Murashige and Skoog (MS) [28] medium. Three different auxins were studied (2,4-D, picloram, dicamba) at two different concentrations (25 µM and 50 µM). The media were supplemented with 0.5 µM benzyladenine (BA), 3% w/v sucrose, and 0.8% w/v agar (purified agar from Difco). All supplements were added before autoclaving. The pH was adjusted to 5.5.
Proliferation of callus and induction of somatic embryos
Embryogenic callus was separated from primary explants and multiplied on initiation media. 1 g fresh weight of callus was placed on the medium, and after 4 weeks of culture the callus growth index [(final fresh weight-initial fresh weight)/initial fresh weight] was calculated. After eight weeks of growth, the number of somatic embryos was counted.
Maturation of somatic embryos
Globular somatic embryos (25 replications, each replication = 1 g of ca. 30 somatic embryos) were transferred to MS medium supplemented with two concentrations of abscisic acid (ABA): 10 and 15 µM, PEG-4000: 15 and 45 g L -1 , sucrose: 6% w/v. The medium was adjusted to pH 5.8 before autoclaving and gelled with 0.8% w/v agar (purified agar from Difco). ABA was filter sterilized and added to the autoclaved medium. The cultures were maintained at 25±2°C in the dark. The number of torpedo somatic embryos obtained per 1 g of globular embryos was recorded after eight weeks of culture.
Scanning electron microscopy (SEM)
Samples of materials (embryogenic callus and somatic embryos at different stages of globular embryo formation and maturation) were fixed with 2.5% (w/v) glutaraldehyde in 0.1 mol L -1 phosphatic buffer at pH 7.2-7.4 for 15 minutes. They were dehydrated using a graded series of ethanol (30-100% v/v) and acetate (100%), and dried with liquid CO 2 in a critical point dryer (Type E3100 Industrial LADD, USA). Samples were then coated with gold using a sputter coater (Jeol JFC-1100E, Japan). Finally, samples were scanned using a scanning electron microscope (Jeol model JSM 5410, Japan) [29] .
Phenolic compounds analyses
For phenolic estimation, 250 mg fresh weight (FW) of calli (three replications for all tested conditions) were homogenized in 3 mL of 80% (v/v) ethanol and centrifuged at 880xg for 20 minutes. The supernatant was mixed with 20% (w/v) Na 2 CO 3 and Folin-Ciocalteau reagent according to the method Singleton and Rossi [30] , with slight modifications. The absorbance (l=760 nm) of samples was measured using a spectrophotometer (PerkinElmer Lambda Bio 20, USA). The total phenolic content was expressed as milligrams of chlorogenic acid equivalents per 1 g FW.
Alkaloid extraction and purification
In vivo bulbs and callus (three replications for all tested conditions) were lyophilized and powdered. 150 mg of powder were macerated in methanol (10 mL) for 24 hours, with sonication for 90 minutes in an ultrasonic bath (Transsonic 460/H Elma) at room temperature as performed by Ptak et al. [12] . After centrifugation at 2540xg for 20 minutes, crude methanolic extracts were passed through Upti-clean SPE columns SCX 100 mg/3 mL from Interchim. The cartridges were previously conditioned with methanol (3 mL) and formic acid (1%). The alkaloids were eluated from the cartridges with methanol and ammoniac (5%). An aliquot was filtered through 0.2 µm filters and a 1 µL sample was directly subjected to GC-MS analysis.
GC-MS identification
Analyses were performed using QP2010-Shimadzu equipment operating in the EI mode at 70 eV. An SLB5 column (30 m x 0.25 mm x 0.25 µm) was employed with a 30 minute temperature program of 80-280°C at 10°C/minute followed by a 10 minute hold at 280°C. The injector temperature was 280°C, the flow rate of the carrier gas (helium) was 0.8 mL/minute, and the split ratio was 1:50. The identification of the alkaloids was performed by comparing the measured data with those of authentic compounds (galanthamine, lycorine) or with data from the literature as specified in the text.
Statistical analysis
The results of the observations were evaluated using an analysis of variance. The means that differed significantly were identified using Duncan's multiple test at a significance level of P≤0.05.
Results and Discussion
Effects of auxins on somatic embryogenesis of Leucojum aestivum
Induction of callus was observed via scanning electron microscopy in the six weeks following initiation of in vitro cultures. After eight weeks of culture, nodular embryogenic calli were observed on the whole surface of the explants ( Figure 1a ). All concentrations of auxins produced callus. However, the embryogenic response was from 30% for 25 µM of dicamba to 100% for picloram (for both 25 and 50 µM). Eight week-old calli were separated from primary explants and multiplied on the same media used for the induction of callus. Calli cultivated on media enriched with 2,4-D, picloram (irrespective of the concentration), and 50 µM dicamba were yellow and friable (Figure 1b) , whereas the calli multiplied on the medium enriched with 25 µM dicamba tended to become brown and mucoid (Figure 1c) .
After four weeks of multiplication, the callus developed on the medium containing 2,4-D (50 µM) was characterized by the highest multiplication index (2.2). Callus proliferation was found to be the lowest on the medium supplemented with 25 µM picloram (1.2) ( Table 1) .
In another bulbous plant case, 2,4-D was shown to be effective for embryogenic callus multiplication of tulip, but at a concentration of 25 µM [23] .
Globular embryos of Leucojum aestivum were formed after approximately eight weeks of callus cultivation (Figure 1d ). The highest number of somatic embryos was formed on the callus grown in the presence of 50 µM 2,4-D (72 per 1 g of callus) and the lowest on the medium with 25 µM picloram (39 per 1 g of callus) ( Table 1) . It was also observed that using a concentration of 50 µM of all auxins tested enhanced callus growth index. Our observation is similar to that of Malik and Molenda [31] , who reported that 2,4-D stimulated embryo formation in callus culture of Narcissus L., another bulbous amaryllid plant. Sage et al. [32] also showed a greater effect of 2,4-D relative to naphthalene acetic acid (NAA) or picloram on direct somatic embryo induction in Narcissus pseudonarcissus cvs. Golden Harvest. However, Ptak et al. reported a positive effect of picloram on the induction of tulip somatic embryos [23] .
In our experiment, a significant number of globular embryos of Leucojum aestivum were able to develop into torpedo somatic embryos. The effects of the somatic embryos' origin and the maturation medium on embryo development were observed. The greatest number of somatic embryos at the torpedo stage were obtained from globular embryos formed on the medium Table 2 ). The same effect was observed when globular embryos were induced to develop under the influence of 50 µM 2,4-D and transferred to a medium containing 45 g L -1 PEG (29 torpedo embryos per 1 g of globular embryos). Media containing PEG has also proved to be the most favourable for the maturation of Eruca sativa and Kalopanax septemlobus somatic embryos [33, 34] . PEG in combination with ABA was also found to be effective for maturation of Leucojum vernum somatic embryos [35] . In our experiment with Leucojum aestivum, ABA inhibited the development of all globular embryos (irrespective of their origin). Zhang et al. [33] also reported that ABA appeared to be inhibitive to somatic embryo development of E. sativa.
Maturation media affected the quality of Leucojum aestivum somatic embryos. Morphological observation and scanning electron microscopy showed a positive effect of PEG on somatic embryo maturation (Figure 1e ). Approximately 70 normal somatic embryos (with well- Table 1 . Effects of various auxins on Leucojum aestivum callus multiplication and somatic embryo formation. (Table 3) . In other treatments, many anomalous structures were developed, including leaf-like structures and multicotyledonarity. PEG has also been shown to improve the quality of Picea glauca somatic embryos by promoting normal differentiation of the embryonic shoot and root [36] .
*Means followed by different letters are significantly different at P≤0.05, Duncan's test ± S.D. Callus growth index = [(final fresh weight-initial fresh weight)/initial fresh weight]
Effect of auxins on phenolic compounds production in callus culture of Leucojum aestivum
The production of phenolic compounds in plant tissues depends on many external and internal factors, such as light intensity, temperature, growth regulators, and mineral and sugar contents in the medium, and also depends on the developmental stage of culture [37] [38] [39] [40] .
In our experiment, the content of phenolic compounds in calli of Leucojum aestivum was correlated with the type and concentration of auxins used in the media. The highest level of phenolic compounds was found in callus initiated and multiplied on the medium supplemented with 25 µM dicamba (205.8 mg g -1 FW) (Figure 2 ). This callus became brown, probably because of accumulation of chinons, products of phenol oxidation. Chinons are known to cause browning and necrosis of tissues [41] .
The mechanism of action of phenolics is difficult to explain and somewhat ambiguous; however, it is supposed that they are one factor involved in determining the capacity of plant tissues to regenerate [42] . On the basis of our observations, the induction of Leucojum aestivum somatic embryos may also be connected to the presence of phenolic compounds in the callus. Our results show that the callus multiplication and somatic embryo production correlated with phenolic contents in the initial calluses. Callus multiplied on the medium supplemented with 50 µM 2,4-D was characterized by the greatest capacity to induce somatic embryos, and contained the lowest levels of phenolic compounds (50 mg g -1 FW), whereas the callus multiplied in the presence of 25 µM dicamba formed the lowest number of somatic embryos and produced the highest levels of phenolics (Table 1, Figure 2) . Similarly, nonregenerating cultures of wheat, field bean, and rape have been shown to accumulate more polyphenols in comparison to regenerating cultures [39] . Beruto et al. [43] also observed a higher level of phenols in nonregenerating callus of Ranunculus asiaticus compared to regenerating callus. However, Hrubcová et al. [41] and Cvirková et al. [42] showed that nonembryogenic suspension of Medicago sativa produced more phenolic compounds than embryogenic suspension.
Effect of auxins on alkaloid profile in callus cultures of Leucojum aestivum
The accumulation of alkaloids in tissue cultures is correlated with cellular differentiation controlled by various hormonal conditions [17] . Considering the family Amaryllidaceae, only the effects of cytokinins were observed on alkaloid synthesis in shoot-clumps of Narcissus [44] and in somatic embryos of Leucojum aestivum [45] . In the present study, the alkaloid profile of Leucojum aestivum calli was correlated with the type of auxin (2,4-D, picloram and dicamba) and its concentration (25 and 50 µM) used in the medium (Table 4) . In order to study the effect of various exogenous auxins on the alkaloid profile of bulbs and in vitro callus cultures of Leucojum aestivum, capillary GC-MS was used according to the method previously described by Ptak et al. [11] . Following the alkaloid extraction and purification of all samples, i.e. in vivo bulbs and tissue cultures, alkaloid fractions suitable for GC-MS analysis were obtained.
Seven compounds from in vivo bulbs and callus cultures in the proliferation phase showed MS fragmentation patterns characteristic of Amaryllidaceae alkaloids ( with growth regulators used for the multiplication of callus. Three compounds, crinine, narwedine, and demethylmaritidine, were detected only in in vivo extract, whereas tazettine and 1l-hydroxyvittatine were found only in the callus cultivated on the medium that contained 50 µM of picloram. The latter two alkaloids were also detected in Leucojum aestivum plants from natural habitats [4] . Four other compounds, trisphaeridine, galanthamine, anhydrolycorine and lycorine, were observed in both bulbs and in some in vitro cultures. Leucojum aestivum callus cultured on the medium containing 50 µM of picloram showed the highest variability of alkaloids, while galanthamine was not detected. It is worth noting that the 50 µM of picloram medium produced the smallest amount of phenolic compounds. Lycorine was present in all type of callus, whereas galanthamine was identified in callus multiplied on the media enriched with 2,4-D (25, 50 µM), picloram (25 µM), and dicamba (50 µM). Callus cultivated on the medium containing dicamba (25 μM) produced only one alkaloid, lycorine and the greatest amount of phenolic compounds comparing with other auxins treatments. This could be the cause of the smallest number of somatic embryos formed on medium with 25 μM of dicamba. Several other compounds were also detected in in vitro extracts only, but they could not be identified. Dramatic variations in the profile of alkaloids were observed previously in tissue cultures of Leucojum aestivum, depending upon the balance of growth substances and the state of differentiation [11] . The positive effect of 2,4-D combined with BA was also shown in berberine production by in vitro culture of Coscinium fenestratum [46] .
In conclusion, this study showed that the medium containing 2,4-D (50 µM) is appropriate not only for callus multiplication and somatic embryo induction, but also for low phenolic production and stimulation of alkaloid synthesis, mainly of galanthamine and lycorine. However, some compounds, like tazettine and 11-hydroxyvittatine, were detected only in calli grown on media with picloram (50 µM). The tissue cultures could be an alternative method for the production of new alkaloids with potential acetylcholinesterase inhibitory activity.
